We have previously reported that high-density lipoprotein (HDL) exhibits antineuritogenic effects on chicken cerebral cells in culture. In the present study, we show the effects of HDL5, oxidized by UV irradiation or heating, on chicken cerebral neurons in culture. Both treatments produced several physical and chemical changes in the HDLs, i.e., formation of lipid peroxides, enlargement of HDL diameters, an increased exposure of the tryptophan groups of the apolipoprotein A-I to a more hydrophilic environment, formation of bityrosines, and cross-linking of apolipoprotein A-I. When these treatments were performed in the absence of EDTA, most of the modifications described above were more intense and HDLs formed a macroaggregate that displays a rosette-like structure. The aggregated HDLs produced neurodegeneration and death when added to both undifferentiated and differentiated cerebral neurons in culture. This process was accompanied by the disorganization of the cellular microtubular cytoskeleton and hyperphosphorylation of the microtubule-associated protein tau. Native HDL or HDLs treated in the presence of EDTA inhibited the neuritogenesis of undifferentiated neurons but did not show any significant effect on the differentiated neurons in culture. The effects on the cellular cytoskeleton and morphology of aggregated HDLs recall those of the fibrillar /1-amyloid peptide. The present results suggest that aggregated HDLs could participate in neurodegeneration associated with oxidative stress in the CNS. Key Words: Neurodegeneration-Aggregated high-density lipoproteins-Oxidized lipoproteins-Alzheimer disease-Laurdan fluorescence-Hyperphosphorylated tau. J. Neurochem. 69, 2102Neurochem. 69, -2114Neurochem. 69, (1997.
We have previously reported that high-density lipoprotein (HDL) exhibits antineuritogenic effects on chicken undifferentiated neuronal cells in culture and that it inhibits the biosynthesis of gangliotetraosyl gangliosides (Kivatinitz et a!., 1995) . There are many reports on the activity of HDL as an antiatherogenic agent because of its ability to stimulate removal of cholesterol from the peripheral cells to the liver for excretion, through reverse cholesterol transport (Rothblat et al., 1992; Ross, 1993; Rubin and Smith, 1994) . It has also been demonstrated that oxidized HDLs have a reduced cholesterol effluxing capacity (Miyazaki et al., 1994; Morel, 1994; Bonnefont-Rousselot et al., 1995) , but their effects on neuronal cells have not been analyzed. Yet, apolipoprotein A-I, the main proteinaceous component of avian HDL, comprising >90% of the total HDL protein (Shackelford and Lebherz, 1983) , has been found in nervous tissues of several species, e.g., birds (Mao et al., 1980) , fishes (Harel et al., 1989) , and mammals (Möckel et al., 1994) . Although most apolipoproteins are synthesized in the liver and small intestine, apolipoprotein A-I is synthesized in several avian tissues, including the brain (Blue et al., 1982; Byrnes et al., 1987; Ferrari et al., 1987) . In human CSF there is a high concentration of lipoprotein-containing apolipoprotein A-I (Borghini et al., 1995) , and HDL particles containing apolipoprotein A-I and E have been reported (Roheim et al., 1979) . Also, an active mechanism of transport of HDL across the blood-brain barrier has been suggested (Devries et al., 1995) . There is no evidence indicating synthesis of apolipoprotein E or apolipoprotein A-I! in birds (Jackson et a!., 1976; Hermier and Dillon, 1992) ; but as the tissue distribution between avian apolipoprotein A-I and mammalian apolipoprotein E is very similar, it has been proposed that avian apolipoprotein A-I may function analogously to mammalian apolipoprotein E, participating in the process of local cholesterol transport or during nerve degeneration and regeneration (Dawson et al., 1986; Harel et al., 1989) . Another putative role for avian apolipoprotein A-I, analogous to that of apolipoprotein E, is the modulation of neurite outgrowth (Nathan et al., 1994; Kivatinitz et al., 1995) .
HDL has been oxidized in vitro under different conditions, i.e., ultraviolet irradiation (Salmon et al., 1992) , incubation with Fe 2~, Mn2~,or Cu2~ (Marcel et al., 1989; Morel, 1994; Shoukry et a!., 1994) , or prolonged storage at 4°Cwithout EDTA (Marcel et a!., 1987) . It is interesting that some common modifications of HDL were observed under all these conditions, such as an increase in peroxidized lipids and the appearance of apolipoprotein A-I oligomers.
The presenceof oxidized HDLs in vivo has not been clearly established, but the occurrence and actions of oxidized low-density lipoprotein (LDL) in different pathological conditions have been thoroughly studied. Atherosclerotic lesions from Watanabe Heritable Hyperlipidemic rabbits and LDL isolated from these lesions contain material reactive with antibodies raised against oxidized LDLs (Boyd et al., 1989; Rosenfeld et al., 1990) , and hypochlorite-modified apolipoprotein B in human atherosclerotic lesions has been reported (Hazell et al., 1996) . Also, the following facts suggest the occurrence of oxidized HDLs in vivo: (1) HDL is modified in an oxidative manner by human polymorphonuclear leukocytes, probably due to the actions of superoxide anions (Cogny et al., 1994) ; (2) there are deposits of fragments of apolipoprotein A-I, corresponding to amino acids 1-69, in human senile aortic amyloid ( Westermark et al., 1995) ; and (3) it has been reported very recently that in brains of patients with Alzheimer's disease at least some of the amyloid plaques contain apolipoprotein A-I (Harr et al., 1996) . Besides atherosclerosis, there are many oxidative stress-mediated diseases, i.e., Alzheimer's disease, multiple sclerosis, Parkinson's disease, and ischemicreperfusion injury. The disruption of the blood-brain barrier observed in some of these pathological conditions, like ischemia (Farooqui et al., 1994) or Alzheimer's disease (Mon et al., 1991) , could produce higher than normal HDL levels in brain, which could be susceptible to oxidation by free radicals produced during ischemia and subsequent reperfusion (Farooqui et al., 1994) , and in Alzheimer's disease frontal cortex (Subbarao et al., 1990) . Another potential source of oxidized HDLs could be HDL of the interstitial fluid bathing the epidermis of UV-exposed skin (Salmon et al., 1992) .
These facts prompted us to study the effects of HDL and of oxidized HDLs on neurons in culture and to correlate these effects with the chemical and structural changes in the HDL molecule. We conclude that HDL, UV-irradiated or heated in the absence of antioxidants, forms a particular aggregate and that these modified HDLs are able to cause neurodegeneration. The disorganization of the microtubules, the accumulation of hyperphosphorylated forms of tau, and the aggregation of the cells and fragmentation of their neurites are some of the characteristic features of the neurodegeneration produced by HDL.
MATERIALS AND METHODS

Materials
Trizma base, KBr, NaC1, EDTA, dimethyl sulfoxide (DMSO) , and all the reagents for electrophoresis and immunoblotting were from Sigma Chemical (St. Louis, MO, U.S.A.). Monoclonal antibody (mAb) Tau-l was raised against bovine tall (Binder et al., 1985) . Laurdan was from Molecular Probes (Eugene, OR, U.S.A.).
HDL preparation
HDL was prepared essentially as described (Kivatinitz et al., 1995) . In brief, whole blood was obtained from 10-dayold chickens and allowed to clot at 37°C. After centrifugation, the serum was adjusted to 0.4946 g/ml KBr (density, 1.30 g/ml) by addition of the solid salt. Fractionation was performed by using a single near-vertical spin-density gradient ultracentrifugation method (modified from Chung et a!., 1986). Samples were centrifuged at 305,000 g for 330 mm by using a Beckman TV 865 rotor. The fraction collected as HDL had a density of 1.12 g/ml and was bright yelloworange, typical of chicken serum HDL (Kruski and Scanu, 1975) . HDL was dialyzed against Tris-HC1 with EDTA (5 mM) (HDLn) or without EDTA (HDLn-); the modified HDLs were prepared by heating the preparations at 85°Cfor 10 mm or irradiating at 290 nm X 385 nm in quartz cuvettes (1-cm light path containing 1 ml of preparation) for 30 mm (as described by Salmon et al., 1992) , in the absence (HDLm-and HDLuv-, respectively) or the presence (HDLm+ and HDLuv+, respectively) of EDTA (5 mM). EDTA was used as an antioxidant agent (Richter, 1987) . Although the above procedures were used routinely to produce HDL aggregation, this phenomenon occurs at any temperature tested (20 or 4°C) but at a slower rate. The aggregated HDL is a homogeneous dispersion that remains in solution unless it is centrifuged at 7,000 g for 30 mm.
Electron microscopy
Aliquots of native and modified HDLs were negatively stained with 1% sodium phosphotungstate. Samples were applied to Formvar-carbonated grids and examined with a Siemens Elmiskop 101 electron microscope and photographed. Particle size was determined from digitized images by using the morphometric menu of the Metamorph 2.0 software.
Cell cultures
The cell cultures were performed essentially as described (Pettman and Sensenbrenner, 1979) . Cerebral hemispheres of 7-day-old chicken embryos were dissected in ice-cold Ca2~-and Mg2~-free Tyrode's buffer solution containing 25 mM glucose. After removal of the meninges, the cells were dissociated using a low concentration of trypsin followed by trituration. The dissociated cells were plated onto .1. Neurochenr, Vol. 69. No. 5. 1997 
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coverslips previously coated wmth po!ylysine (20 ,ug/m! in 0.1 M borate buffer) at a density of 1 X iocells/cm 2, and incubated at 37°C in Dulbecco's modified Eagle medium containing 10% fetal calf serum in a 5% CO 2 atmosphere. When mndicated, 50~tg/ml HDLn, HDLm+, HDLuv+, HDLm-, or HDLuv-was added to the culture medium.
Neuronal counts
The assessment of cell viability was performed as described . In brief, living cells were incubated with 10~tg/mlpropidium iodide (P1) for 30 mm, washed with phosphate-buffered saline, and fixed. Viable neurons exclude P1.
Immunofluorescence
Cells were fixed after mild detergent extraction under microtubule-stabilizing conditions and processed for immunofluorescence as described (Cáceres et a!., 1992) . The primary antibody used was an mAb against tyrosinated cs-tubulin (clone-TUB-1A2, mouse IgG, Sigma) diluted 1:1,000. Incubations with primary antibody were performed for 2 h at room temperature, whereas incubations with the secondary antibody (fluorescein isothiocyanate-labeled goat anti-rabbit IgG, Boehringer-Mannheim) were performed for 1 h at 37°C. The cells were observed with an inverted microscope (Zeiss Axiovert 35M) equipped with epifluorescence optics and photographed using a bOX objective (Zeiss) and Tn X-Pan (400 ASA) film (Eastman Kodak).
Measurement of lipid peroxidation indices
The lipid peroxidation indices were determined as described by Klein (1970) . The absorbency spectra measurements were made in a Gilford Response II UV-VIS spectrophotometer using quartz cuvettes of 0.25 cm.
Fluorescence analysis of HDLs
Steady-state excitation and emission spectra were measured on an SLM 4800C fluorometer (SLM/Aminco, Urbana, IL, U.S.A.) equipped with a xenon-arc lamp using 8 nm of bandwidth. The laurdan excitation spectra were corrected with a quantum counter (rhodamine B in ethylene glycol 3 g/ml; Lakowicz, 1983) and the emission spectra were corrected for instrument response. We used a 3 x 3-mm quartz cuvette to minimize inner filter effects (Lakowicz, 1983 ) and made blank subtraction in all samples. The actual temperature measured in the cuvette was 37°Cin all fluorescence experiments and was controlled through a circulating bath.
One microliter of a 0.77 mM solution of laurdan in DMSO was added to a l.5-ml solution of HDL in 20 mM Tris-HC!-50 mM NaC1, pH 7.4 (the HDL/laurdan ratio was 300:1; laurdan final concentration was 0.51iM). The solutions were incubated in the dark at 37°Cfor 1 h and analyzed immediately after preparation. The laurdan emission generalized polarization (GPem) values were calculated as follows:
where 1390 and 1360 are the intensities at the emission wavelength of 440 nm, obtained by using fixed excitation wavelengths of 390 and 360 nm. In the same manner, the excitation GP values (GP~~) were calculated using:
where 1443) and 1490 are the intensities at an excitation wavelength of 360 nm obtained by using a fixed emission wavelength of 440 or490 nm (Parasassi eta!., 1990 (Parasassi eta!., , 1991 (Parasassi eta!., , 1993 . The properties of the GP parameter have been discussed extensively (Parasassi et al., 1990 (Parasassi et al., , 1991 Parasassi and Gratton, 1995) . Some of the advantages of laurdan are (1) in contrast to common radiometric measurements made by using probes that display spectra! sensitivity to the properties of the environment, GP measurements do not require calibration; (2) characteristic values of GP parameters are related to the extent of water motion included in a lipid matrix around the.probes; and (3) the measurement is fast and easy.
To collect the HDL tryptophan intrinsic fluorescence emission spectra, we prepared solutions of pure HDL in buffer as described above and the samples were excited at 295 nm. Bityrosines, products of oxidized proteins, were measured as fluorescence intensity at excitation and emission wavelengths of 327 and 400 nm, respectively (Miller et al., 1996) .
Electrophoresis and immunoblotting
Cells were collected, lysed with 10% sodium dodecyl sulfate (SDS), and sonicated for 10 s at intensity 7 in a Branson sonicator. Samples were prepared as previously described (Grundke-Iqbal et al., 1984) . To detect abnormally phosphorylated tau, the blots were pretreated with alkaline phosphatase (86 j.tg/ml in 0.1 MTris, pH 8.0/1 mMphenylmethylsulfonyl fluoride) for 15 h before immunostaining with mAb Tau-1 as previously described (Alonso et al., 1994) .
RESULTS
Chemical and physical modifications of HDL induced by heat or irradiation
Purified chicken HDL preparations dialyzed against buffer containing EDTA (HDLn) or against buffer without EDTA (HDLn-) were subjected to heating at 85°C for 10 mm or UV-irradiated for 30 mm. The respective heated and irradiated preparations were termed HDLm+ and HDLuv+ (when heated or irradiated with EDTA) and HDLm-and HDLuv-(when and NS in H. There were no statistical differences
between HDLn+ (open columns) and HDLn-(filled columns) in any experiment. The statistical significance of the differences between HDLn and HDLm+ wasp < 0.001 in D, E, F, G, and H; and p < 0.05 in A and C. The statistical significance of the differences between HDLn and HDLuv+ was p < 0.001 in D, E, F, G, and H, and not significantly different in the other panels. The statistical significance of the differences between HDLn and HDLm-wasp < 0.001 for all the conditions tested. The statistical significance of the differences between HDLn and HDLuvwas p < 0.01 in B and p < 0.001 in all other panels.
the environment, the quantum yield in the membrane being high but virtually zero in aqueous environment (Parasassi et al., 1990) ; (2) the probe affinity for proteins and the fluorescence intensity have been shown to be very low (Parasassi et al., 1992 (Parasassi et al., , 1993 ; and (3) the presence of dipolar relaxation due to the dynamics of water molecules in the phospholipid liquid crystalline phase modify the spectral position of laurdan compared with the gel phase (Parasassi eta!., 1991) . The results of our experiments using laurdan showed a remarkable coincidence of values obtained with all four procedures. We observed a slight blue shift in the laurdan excitation spectra of HDLm-, HDLuv-, HDLm+, and HDLuv+ compared with HDLn (Fig.  1C) . We observed an emission blue shift of 8 nm for HDLm-and HDLuv-and of 4 nm for HDLm+ and HDLuv+ compared with HDLn (Fig. 1E) . We also noticed an increase in the laurdan GPex and GPe,,, val- ues of the modified HDLs, which was more noticeable in the fractions prepared in the absence of EDTA ( Fig.  1D and F) .
It is known that ionizing radiation produces peroxidation in HDL (Bonnefont-Rousselot et al., 1995) and modifies laurdan fluorescence parameters when it is in-
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serted into unsaturated phospholipid vesicles (Parasassi et al., 1994) . Taken together, these facts and our results indicate that the laurdan molecules sense differences in the peroxidation status of the HDL preparations; i.e., HDLm-= HDLuv-> HDLm+ = HDLuv+ > HDLn = HDLn-, which correlates with the conjugated diene values (see Fig. IA, C, D, and F) .
To evaluate the effects of heating or UV irradiation in HDL apolipoproteins, we recorded the intrinsic fluorescence emission spectra of tryptophan residues from HDL. Tryptophans emit an intrinsic UV fluorescence, which is sensitive to solvent polarity in addition to having a high quantum yield. These properties make tryptophans a useful built-in probe with which to study protein structure (Lakowicz, 1983) . The intrinsic fluorescence emission spectra of tryptophan residues showed a red shift compared with HDLn, of~-~8 nm for HDLm-and HDLuv-and of~-~5 nm for HDLm+ and HDLuv+ (Fig. IG) . A red shift in the protein fluorescence emission spectra indicates a major exposure of the tryptophan residues to the aqueous medium (Lakowicz, 1983) . This finding indicates that the protein conformational changes exposing the tryptophan residues are in the following order: HDLm-= HDLuv-> HDLm+ = HDLuv+ > HDLn = HDLn-. Although oxidative cross-linking of apolipoprotein A-I of HDL has been observed by us (Kivatinitz et al., 1995) and others (Marcel et al., 1989; Salmon et al., 1992; Morel, 1994; Shoukry et al., 1994) employing different conditions or due to prolonged storage at 4°Cwithout EDTA (Marcel et a!., 1987) , the nature of the mechanisms leading to protein crosslinking has not been identified. Recently, it has been shown that oxidative cross-linking of apolipoprotein B of LDL also occurs during LDL oxidation (Miller et al., 1996) and it has been suggested that intermolecular bityrosines result in apolipoprotein B cross-linking (Miller et al., 1996) . As seen from the results shown in Fig. 1H , the levels of bityrosines in all four modified HDL preparations were increased to the same extent compared with HDLn. It is interesting that the amounts of apolipoprotein A-I dimers detected in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) immunoblots by using an antibody against apolipoprotein A-I were also the same for the four modified HDLs (~-12%of the total immunostained protein; results not shown). In contrast, no dimers were detectable in HDLn (Kivatinitz et al., 1995) .
As HDLm-and HDLuv-were turbid, we investigated the structure of the aggregate by electron microscopy. HDL stored in the absence of EDTA became turbid at any temperature but at slower rate (see Materials and Methods). HDLn and HDLn-(HDL that was dialyzed against Tris buffer without EDTA) had the usual appearance of HDL fractions ( Fig. 2A and  B) , whereas heating produced larger particles in the HDLm preparations (Fig. 2C and D) . The average radii of the four different HDL preparations are as follows: HDLn, 5 ± 1 nm; HDLn-, 5.5 ± 1.5 nm; HDLm+, 9 ± 3 nm; and HDLm-, 9 ± 3 nm (p <0.0001 for HDLm+ versus HDLn and for HDLmversus HDLn-; no significant difference for HDLn versus HDLn-and for HDLm+ versus HDLm-). From these results it is clear that in the heated preparations, the average particle diameter is 1.70 ± 0.05 times greater than in the nonheated preparations; but what is most impressive is that these larger HDLs form rosette-lik'e macroaggregates if the heating procedure is performed in the absence of EDTA (Fig. 2, compare  C with D) . The appearances of HDLuv + and HDLuvwere identical to those of their heated counterparts (data not shown).
Effects of HDL preparations on the morphology of immature and differentiated chicken cerebral cells in culture
We have previously shown that HDLn inhibits neuritogenesis of undifferentiated chicken cerebral cells in culture (Kivatinitz et al., 1995) . To determine the effects of the different HDL preparations,cerebral cells were cultured as described in Materials and Methods and the HDL preparations added to the culture medium immediately after plating. After 2 days in culture, the control cells showed the usual polygonal shape of neuronal cells, with abundant and long processes and clumping of several cells (Fig. 3A) . In contrast, cells cultured in HDLn or HDLm+ preparations displayed basically a round shape and only a few cells exhibited scant processes (Fig. 3C and E) . After 4 days in culture, the morphology of control neurons was similar to that after 2 days in culture but the processes were longer and there were more cells forming the clumps (Fig. 3B) . The morphology of the neural cells cultured in the presence of HDLn was similar to that of control cells, i.e., the neurons were more clumped and rounded but exhibited very long processes (Fig. 3D) . Conversely, the cells cultured in the presence of HDLmshowed a very similar morphology to that after 2 days in culture; the only noticeable change was clumping of a few cells and elongation of the few short neurites, and a significant number of the cells cultured in this condition appeared to be nonviable (Fig. 3F) . To verify this last observation, we used the P1 method. P1 is selectively taken up into the nuclei of nonviable cells, due to loss of membrane integrity, and becomes brightly fluorescent after binding to nuclei acids. The results indicated that in the control cultures (i.e., Fig.   3B ) 92 ± 3% of the cells were viable, whereas in HDLm-treated cultures (i.e., Fig. 3F ) only 45 ±2% of the cells were negative to the staining (significance of the difference, p < 0.001, by ANOVA). Thus, although the effects of HDLn on the differentiation process were relatively reversible, those of HDLm-were persistent. The observations from experiments performed with HDLm+ were identical to those for HDLn after 2 and 4 days in culture (data not shown). These results indicated that, in contrast to the actions of HDLn and of HDLm+, the effects of aggregated HDLm-were irreversible and many of the neurons cultured in its presence died.
We also studied the effects of the addition of the HDL preparations to neuronal cells after 2 days of differentiation in culture, so at this time neurons were already differentiated, showing abundant and long neurites. The different HDL preparations were added to the culture medium and the incubation continued for another 48 h. Results are shown in Fig. 4 . Control cells and cells cultured in the presence of HDLm+ or HDLn looked alike; i.e., they displayed several long and branched processes (Fig. 4A, B, and D) . In contrast, cells cultured in the presence of HDLm-were rounded, some of them were edematized (see arrow, Fig. 4C ), and their processes were fragmented, forming numerous vesicles that suggested rosary beads (see arrowhead, Fig. 4C ).
The neurotoxicity of aggregated HDL on the neurons in culture was assessed by quantification of neuron viability of control cultures and of neurons cultured in the presence of HDLm-, using the PT fluorescence method. The results indicate that HDLm-caused progressive neuronal degeneration in the cultures of chicken brain cortical neurons, resulting in~-~50%loss of neuron viability after 5 days (Fig. 5) .
Throughout all the above experiments, the effects of HDLuv+ and HDLuv-on neurona! cells were indistinguishable from those produced by HDLm+ and HDLm-(data not shown).
Effects of HDL preparations on the dynamic cytoskeleton of chicken cerebral cells in culture
The effects of aggregated HDL on the cytoskeleton of chicken cerebral cells were investigated by adding HDLm-to cerebral cells differentiated in culture for 2 days. At 48 h after the addition, the cells were detergent extracted and fixed in conditions that preserved the cytoskeleton as described (Cáceres et al., 1992; Black et al., 1994) and immunostained with a mAb against tyrosinated tubulin. Neurons showing several small processes ( Fig. 6A and B small processes and an elongated one, most probably an axon (Fig. 6C and D) , were analyzed. The microtubular cytoskeleton of cells treated with HDLm-was disorganized at the neuronal body level (large arrowheads, Fig. 6B and D) , the staining was more unevenly distributed than in control cells, and the neurites' microtubule bundles became thinner, fragmented, and twisted (small arrowheads, Fig. 6B and D) .
As the effects of HDLm-on the morphology and on the cytoskeleton of neuronal cells are similar to those produced by the /3-amyloid peptide, and as it is known that /3-amyloid peptide induces the appearance of the hyperphosphorylated species of tau protein , we investigated the state of phosphorylation of tau protein in control cells and in cells cultured in the presence of HDLm+ or HDLmfor 48 h. Cells were cultured as described in Materials and Methods, their total proteins resolved by SDS-PAGE, and the immunoreactivity of western blots to Tau-I antibody analyzed before and after treatment with alkaline phosphatase. Tau-1 is an mAb that recognizes the unphosphorylated form of Ser' 99 to Ser202 of tau. These residues are not largely phosphorylated under normal conditions. As shown in Fig. 7 , treatment with alkaline phosphatase revealed a faint additional band of higher M. (as detected by the Tau-1 antibody) in control cells and in cells cultured in the presence of HDLm+. In contrast, in the cells cultured with HDLm-for the last 48 h there was a high accumulation of hyperphosphorylated species of tau as shown by the high immunoreactivity to Tau-l and the shift to a higher Mr of the major band detected in the strip treated with alkaline phosphatase (Fig. 7B, lane 3) . To quantify the extent of this accumulation, similar experiments were performed in which the regions of the blots showing immunoreactivity to Tau-1 were excised and the amount of bound '251-protein A measured in a y counter. The results are shown in Table 1 . Tn the control cells and in the cells treated with HDLm+, only .-~30%of the total tau protein was found to be phosphorylated at the Ser199 to Ser202 region, whereas in the HDLm-treated cells this proportion was inverted and 74% of the tau protein was phosphorylated at these residues.
DISCUSSION
The aim of the present study was to ascertain the chemical and physical changes that HDL fractions undergo when they are subjected to different levels of oxidative stress and to evaluate the effects of oxidized HDLs on neuronal cells in culture. We found that HDL heated or UV-irradiated in the absence of EDTA forms a supramolecular aggregate and under these conditions is neurodegenerative. The mechanism underlying these effects occurs with disorganization of cytoskeleton and Tau hyperphosphorylation. Finally, as it has been proposed that /3-amyloid is neurotoxic only when it is aggregated, we compared our results of the neurodegenerative effects of aggregated HDL with those reported for /3-amyboid peptide.
Chemical and physical characterization of aggregated HDL
Our experiments show that heating or UV-irradiating HDL produced the formation of larger HDL particles and that these larger particles can form a macroaggregate when the HDL was heated or UV-irradiated in the absence of EDTA. These results are probably re-FIG. 5. Neurotoxicity in cerebral cells treated with aggregated HDL. Chicken cerebral cells were cultured for 48 h and for the further indicated times in the absence (hatched columns) or in the presence of HDLm-(filled columns). Neuronal viability was evaluated by the P1 fluorescence method. Data are mean ± SD values of four independent experiments; a total of 400 cells were scored for each condition at the indicated times. Significance of the differences, as calculated by ANOVA: ns, not significant; *p < 0.02;°°p < 0.002;~< 0.001. lated to the changes in the oxidation status of HDL lipids because the appearance of larger lipid vesicles (Gast et al., 1982) and of larger HDL particles has been described under oxidative conditions both in vitro (Shoukry et a!., 1994) and in vivo (Cogny et al., 1996) . Our data indicate that for the formation of these macroaggregates it is necessary to have both a conformational change of the apolipoprotein A-I (increase in tryptophan maximum emission wavelength) and an altered lipid environment, as seen both by the increase in the lipid peroxidation index and by changes in laurdan fluorescence. In fact, the HDLm-and HDLuvpreparations have more peroxidized lipids and the tryptophan residues are more exposed to hydrophilic environment than HDLm+ or HDLuv+. Our findings are in line with those of Shoukry et al. (1994) who proposed that the shift in maximum peak wavelength of tryptophan in HDL after oxidation appears highly applicable to the investigation of HDL oxidation. Peroxidative phenomena induce physicochemical modifications in the lipid structure that have been already described for HDL (Bonnefont-Rousselot et a!., 1995), model membrane systems (Parasassi et a!., 1994) , and cell membranes (Richter, 1987) . These modifications are mainly identified as a progressive rigidification of the lipid moiety. It has been suggested that this is partly due to double bond breakages and, after a delay, to formation of linkages between phospholipid and proteins (Richter, 1987) . The extent of apolipoprotein A-I cross-linking and bityrosine formation does not correlate with macromolecular aggregate formation because there are no significant differences between their levels in HDLs modified in the presence or absence of EDTA, so we speculate that the formation of apolipoprotein A-I oligomers occurs within the larger HDL particles of all four modified HDLs.
We were not able to clarify whether lipid peroxidation per se could be the only cause of the macroaggregate formation, because we always observed that an increase in lipid peroxidation status is concomitant with the conformational changes in the protein moiety. In fact, experiments performed by other investigators in which HDL preparations were oxidized under different conditions have shown protein modifications (i.e., inter-and intramolecular cross-linking of apolipoprotein A and changes in tryptophan fluorescence) (Marcel et a!., 1989; Morel, 1994; Shoukry et al., 1994) . However, the appearance of protein modifications appears to require harder oxidative conditions than the appearance of lipid modifications (Morel, 1994) . Further studies are required to investigate a causal relationship between modifications of the protein moiety and the lipid peroxidation status, and the formation of aggregated HDL species.
Neurodegenerative effects of aggregated HDL on neurons in culture The effects of native and aggregated HDLs on neuronal cells in culture are clearly different. Native HDL produces a relatively reversible inhibition of neurite formation and outgrowth of undifferentiated chicken brain neurons but does not have any significant effect on differentiated neurons of the same origin. These results could be explained by the presence of HDL binding sites in the undifferentiated neuronal cells, which were not detected in differentiated neurons by using ligand blotting techniques (C. Alfonso, S. C. Kivatinitz, and S. Quiroga, unpublished observations), and because native HDL and oxidized HDL exert their actions through different mechanisms, as oxidized HDL is no longer recognized by the HDL receptors (Brinton et a!., 1986; Rothblat et a!., 1992; Laville et al., 1994) . A putative candidate receptor through which HDLs could exert their effects on differentiated neurons is the LDL receptor homologue found recently in the avian brain (Novak et a!., 1996) . Aggregated HDL, in contrast, produces an irreversible inhibition of neurite formation and outgrowth of undifferentiated chicken brain neurons, and neurodegeneration of differentiated neuronal cells in culture. It is noteworthy that the HDL preparations heated or UV-irradiated in the presence of EDTA did not produce any significant effect on differentiated neurons in culture, although some of the chemical modifications produced by heating or UV irradiation are similar in both preparations (Fig. 1) . These results suggest that aggregation itself is the condition required for HDL to exert its neurodegenerative effects on cerebral neurons in culture. Because changes in both the lipid peroxidation status and the apolipoprotein are concomitant with the aggregation process, we cannot assert that one of these features alone would be able to cause the observed effects. The mechanisms by which the HDL aggregates interact with the neuronal cells remain to be clarified. Some characteristics of the cells cultured in the presence of aggregated HDL (neurite fragmentation and edematization) closely resemble those previously shown for human brain cells cultured in the presence of aggregated /3-amyloid (Busciglio et a!., 1992) . The / 3-amybid peptide is neurotoxic to neuronal cells both in culture and in vivo (Yankner et al., 1990) . This neurotoxicity is dependent on the formation of a fibrillar aggregate, which requires specific conditions of incubation of the soluble form of the peptide such as time, temperature, and pH (Pike et al., 1991; Busciglio et al., 1992; Mattson et al., 1993; Lorenzo and Yankner, 1994) . Moreover, HDL is just the second endogenous compound reported (after /3-amyloid peptide) to induce degeneration of neurons in culture depending on its aggregation state. The effects of aggregated HDL on the microtubular cytoskeleton and the state of phos- phorylation of the microtubule-associated protein tau are also similar to those described for the aggregated /3-amyloid peptide . The hyperphosphorylation of the tau species could be one of the earliest factors initiating the disorganization of the microtubules displayed by the neurons cultured in the presence of aggregated HDL, because it has been demonstrated that the hyperphosphorylated tau does not show affinity for microtubules and it inhibits tubulin polymerization (Alonso et a!., 1994).
It is particularly tempting to speculate about the presence of oxidized aggregated HDL in the brains of patients with neurodegenerative diseases that occur with an increase in oxidative stress, such as Alzheimer' s disease, Parkinson's disease, amyotrophic lateral sclerosis, and Huntington's disease (Bowling and Beal, 1995) . In Alzheimer's disease the necessary conditions for the existence of aggregated HDL by oxidation have been reported to occur, i.e., (I) disruption of the blood-brain barrier (Mon et a!., 1991) to allow the accumulation of HDL in brain, and (2) an increase in lipid peroxidation (Chia et a!., 1984; Subbarao et a!., 1990) . In fact, it was reported very recently that, in brains of patients with A!zheimer' s disease, some of the amyloid plaques contain deposits of apolipoprotein A-I (Harr eta!., 1996) . It is interesting that in Down's syndrome patients who develop early-onset Alzheimer' s disease, there is an increment of superoxide dismutase activity concomitant with a higher lipid peroxidation (Ceballos et al., 1988; Hyman, 1992; .
Besides, several apolipoproteins other than apolipoprotein A-I are known to be closely associated with amyloid fibrillogenesis, mainly apolipoprotein E (Wisniewski and Frangione, 1992) . One isotype of this apolipoprotein, apolipoprotein E4, is associated with microtubule depolymerization and inhibition of neurite outgrowth (Nathan et a!., 1994) .
Additional experimentation is needed to ascertain the potential in vivo significance of our findings. As a first approach, we are currently developing in vivo models using in situ injection of aggregated HDL or dietary induction of higher peroxidability of HDL together with conditions that favor oxidative stress.
